ABSTRACT A ligand field calculation of magnetic circular dichroism (MCD) spectra is described that provides new insights into the information contained in electronic spectra of copper sites in metalloenzymes and synthetic analogs. The (Johnson et al., 1982; Sutherland and Holmquist, 1980; Vickery, 1978; Kaden, 1974) . Taken together, optical absorption, MCD, and EPR data can form the basis for a detailed spectroscopic analysis of active site metal ions providing greater information than is available from any single technique. This information can be interpreted at levels ranging from the most empirical (number and type of metal centers, ligand affinities) to theoretical analyses that give insight into structure and interactions of the metal complex. Fundamental spectroscopic studies of the latter kind can ultimately give information on biomolecular structures beyond atomic resolution limits of x-ray diffraction studies to reveal a level of electronic structural detail relating directly to chemistry.
INTRODUCTION
Magnetic circular dichroism (MCD) spectroscopy is a valuable tool for spectroscopic studies of electronic structure of metalloenzyme complexes contributing insight into the electronic origins of catalytic activity. The sensitivity of the method, both for detecting weak spectra and for resolving broad and overlapping absorption features, gives MCD spectroscopy a special advantage in bioinorganic applications, particularly for paramagnetic complexes where results from MCD studies complement electron paramagnetic resonance (EPR) experiments in measuring ground state magnetic properties (Johnson et al., 1982; Sutherland and Holmquist, 1980; Vickery, 1978; Kaden, 1974) . Taken together, optical absorption, MCD, and EPR data can form the basis for a detailed spectroscopic analysis of active site metal ions providing greater information than is available from any single technique. This information can be interpreted at levels ranging from the most empirical (number and type of metal centers, ligand affinities) to theoretical analyses that give insight into structure and interactions of the metal complex. Fundamental spectroscopic studies of the latter kind can ultimately give information on biomolecular structures beyond atomic resolution limits of x-ray diffraction studies to reveal a level of electronic structural detail relating directly to chemistry.
A theoretical framework is needed to relate the spectroscopic measurements to important features of the electronic structure, and while simple models are available for understanding the basic features of absorption and EPR spectra for metal complexes, the lack of effective models for computing polarization intensities in low symmetry complexes has largely restricted the interpretation of MCD spectra. Much of the theoretical MCD literature relates to the high symmetry limit for molecular geometry, limiting its utility in studies on low symmetry biological complexes. An approach based on the angular overlap model united atom approach has been applied to MCD spectroscopy (Gerstman and Brill, 1985) , assuming degeneracy of states contributing to intensity. This earlier work has contributed to a clearer understanding of the importance of spin orbit mixing for MCD in low symmetry complexes. In this paper we present an altemative ligand field model for computing characteristic patterns of MCD spectra for cupric complexes in arbitrary geometries. This approximate method provides a framework for interpreting MCD spectra of copper metalloenzymes, extending the effectiveness of an important spectroscopic probe.
MATERIALS AND METHODS
Synthetic complexes and enzyme samples were prepared as previously described Whittaker and Whittaker, 1988) . Optical absorption spectra were recorded on a Varian Instruments (Sugarland, TX) Cary 5 UV-vis-near infared (NIR) absorption spectrometer. Magnetic circular dichroism spectra were measured on an AVIV (Lakewood, NJ) Model 41DS UV-vis-NIR CD spectrometer using an Oxford Instruments (Concord, MA) SM4-6T high field (to 6 T) variable temperature (1.5-300 K) magnetocryostat (Whittaker and Whittaker, 1991) . For the visible spectrum (300-850 nm) a Hamamatsu (Bridgewater, NJ) photomultiplier tube served as the detector. In the NIR region (800-2000 nm) this was replaced by a liquid nitrogen-cooled InSb photovoltaic photodiode (model JIOD; Judson IR, Montgomeryville, PA). Samples for MCD experiments were prepared by sandwiching a 50% aqueous glycerol solution (for proteins) or a mineral oil mull (for synthetic complexes) between quartz disks and cooling slowly to low temperature in the cryostat.
Simulations of the spectral data were performed using the program nu wave (described below) compiled on a Silicon Graphics (Mountain View, CA) Indigo2 workstation operating with a 150 MHz R4400 processor. Typical benchmark results: simulation of solution spectra averaged over 10 steps for each Euler angle required 20 s of cpu time. A copy of the simulation program nu wave may be obtained from the authors by submitting an E-mail request to jim@insight.chem.cmu.edu.
Background
Optical absorption (ABS), MCD, and EPR spectroscopies are closely related. As shown in Scheme 1, the electronic states of a paramagnetic molecule split in a magnetic field (the Zeeman interaction), and transitions can be induced among ground state sublevels (EPR spectroscopy). Electronic transitions become polarized in a magnetic field (the Faraday effect, the basis for MCD spectroscopy) according to the selection rules for absorption of circularly polarized light (Scheme 1 inset). The relative intensities of left-and right-handed absorption will vary with temperature in a complementary fashion as the thermal populations over the ground state sublevels change. The total absorption (ABS), being the sum over polarizations (e = EL + p), is independent of temperature, while MCD, defined as the difference between polarizations (As = EL CR) exhibits dramatic temperature dependence containing information on the Zeeman splittings in the ground state, complementing the information available from EPR experiments. EPR, absorption, and MCD spectral measurements each contribute information on the energy splittings and wavefunctions for molecular electronic states.
LIGAND FIELD THEORY AND THE ELECTRONIC STRUCTURE OF INORGANIC COMPLEXES
Ligand field theory describes the electronic structure of transition metal complexes in terms of an expansion of ligand perturbations in spherical harmonics centered on the metal ion, giving the electronic energies as functions of angular features of the complex (Scheme 2). The choice of coordinate system defining the ligand positions is arbitrary, and the unitary equivalence of all descriptions related by a rotation in the basis space is used in the spectroscopic calculations described below. Ligand field theory serves as a simple model for covalency, the correct description of the ligand perturbation in most coordination complexes (Ballhausen and Gray, 1964) , and in its simplest form is a one-electron (one-hole) picture that is particularly suited to d' and d9 metal ions. Simplicity is the main virtue of the theory, allowing metal-ligand interactions to be computed efficiently in the interpretation of electronic spectra (Companion and Komarynsky, 1964; Lever, 1984 (Ballhausen, 1962 (Ballhausen, , 1979 . Vibrations (in centrosymmetric complexes) or static distortions (in lower symmetry) relax the parity selection rule, mixing even and odd functions and giving intensity to d -> d spectra. The odd parity functions most effective in contributing to d -> d intensity are associated with low energy (-20,000 cm-1) ligand-to-metal charge transfer (LMCT) excited states that become allowed through covalent mixing of metal and ligand wavefunctions (Ballhausen and Gray, 1964) . (Scheme 3) LMCT transitions of o-symmetry, which displace electronic charge along a metal-ligand axis giving them odd (vector displacement) character, tend to be stronger than X LMCT transitions. While absolute intensity calculations for charge transferinduced spectra must involve integrals over both metal and ligand coordinates, relative intensities can be efficiently calculated by replacing the ligand-centered charge wavefunctions by metal-centered wavefunctions transforming identically, preserving the symmetry of the problem. Although odd parity metal functions (e.g., p-and f-orbitals) lying at relatively high energies in the free ion (>100,000 cm-1 (Moore, 1952) ) are unlikely to be important for intensity in real metal complexes, they can be used in calculations to mimic the directional covalency that gives intensity to d -> d spectra through charge transfer mixing (Ballhausen, 1962) . oc LMCT gives rise to states of Tlu (vector) symmetry in the octahedral (°h) point group, and T-P equivalence (Griffith, 1964) Electronic states arising from configurations involving partly filled subshells (e.g., d') can be classified by the number of valence electrons, n, with configurations related as electron-hole complements (e.g., dn and d10-n) being equivalent up to a sign (Griffith, 1964) . These complementary configurations give rise to the same electronic states but in reverse order as expected for the oppositely signed interaction of negative electrons and positive holes. Similarly, c-LMCT for a d9 cupric ion can be viewed as the hole analog of an interconfiguration d -> p transition. Through electronhole equivalence, d-p mixing calculations for a d1 metal complex give insight into the LMCT spectra of d9 metal complexes.
The a parameters that scale the magnitude of the ligand perturbation arise as the radial component in the spherical harmonic expansion of the ligand field Coulomb operator (l/r) (Eyring et al., 1944) :
The a' can be estimated using ligand radial positions ai and hydrogenic radial wavefunctions Rq (Weissbluth, 1978) incorporating Slater's shielding correction for the Cu2+ 3d9 ion (Griffith, 1964) : (aof) (81(30)1I2) ( aoZ ) e -Zeffr)
as LMCT -TU (°)
where the effective nuclear charge Zeff (Z -0UCU2+) 8.2, (Z being the nuclear charge and ocu2+ being the Slater shielding factor for the Cu2+ ion), ao is the Bohr radius (0.528 A), and r is the radial coordinate. The a2/c4 ratio is found to be 3.2, reproducing the generally accepted approximate value (a2/a4 = 3) (Companion and Komarynsky, 1964 (Companion and Komarynsky, 1964 ; Lever, 1984) have been extended to include addi- a3 (sin j cos342o) D2 = a' (cos0i-70/15 cos301 +60/15cos501) DG1 = a' ((14 cos2O0 sin0;-sin)j-21cos40j sin0j)cos4) DG2 =a (sin 01(cos30i-nos01)cos241) D3 = a5 (1-9 cos20i) sin3O1 cos34;) Ds4 = a5 (cos0 sin40; cos44;) Di= a5 (sin O; COS520) GD1 = a' (sin 5/ sin4-;) GD, = a3 (sin0 (5 cos2o1-)sin4;) Gi2 a3 (sin O0 cos01 sin24bj)
for the of LMCT model, where the sign indicates spin up (+) or spin down (- (Ballhausen, 1979) , so that even a small fraction of electric dipole character mixed into a transition dominates the intensity mechanism. The present model calculates intensity in terms of electric dipole matrix elements using the transition vector operator (m = er), which contains both a linear displacement (Ar) and polarization (angular orientation) component. The displacement term defines the absolute intensity scale for the spectra, and the polarization terms can be evaluated as Gaunt coefficients, angular integrals over triple products of spherical harmonics (Gaunt, 1929) . In applying selection rules, the lab-fixed transition operators (Mx, MY9 Mz) may be replaced by real combinations of spherical harmonics transforming identically, the vector operator equivalents: (i = 1-S5)(d+2_y2 dx+zdZ2dy+zdX+y) (i= 6 -10) (dx-2 -2dxz dz2 dyz dXy)(i = 11 -13)(pj pj Py) (i = 14 -16)(px pz py) (Piepho and Schatz, 1983) . Similarly, MCD intensity is computed using the lab-fixed right-and left-hand transition operators M-1 and M+1 (represented respectively by their and parallel (+ 1) to the propagation vector, k (Scheme 5). The conservation of angular momentum when a molecule absorbs a circularly polarized photon carrying intrinsic angular momentum (± 1) determines the selection rules for MCD (Scheme 1, inset). Circularly polarized photon helicity states are also chiral, and interactions of a chiral absorber with right-and left-hand circularly polarized photons are 
diastereomeric, eliminating the symmetry between absorption coefficients for right-and left-handed light. This is the basis of natural CD, which depends on the chirality of circularly polarized light, while MCD depends on the fact that circularly polarized light carries angular momentum. The ligand field calculations are performed in a d-, p-, and f-basis referred to the magnetic field (laboratory Z-) direction rather than the molecular axes so that the resulting molecular electronic wavefunctions are formed from angular momentum functions diagonal in the Zeeman interaction as required for computing MCD intensity. Formulating the calculation in the lab frame makes it necessary to reevaluate all ligand field matrix elements in the rotated frame during orientation averaging to simulate solution spectra, but the evaluation of transition integrals is reduced to summing a set of Gaunt coefficients that can be stored efficiently in a subroutine. This use of lab-fixed frame in the calculation is motivated by the basic geometry of the MCD experiment, where the light propagates longitudinally through the magnetic field and the oscillating radiation electric fields (Ex, EY) that induce transitions are always transverse to the magnetic field direction (Scheme 5).
Eq. 1 relates molecular properties (transition dipole amplitude) to spectroscopic measurements, providing the correct normalization for the transition intensity (Piepho and Schatz, 1983 (F = 1000 cm-', AE = 10,000 cm1-, kT = 10 cm-1) leads to a predicted 1: 0.1: 100 ratio for A, B, and C terms at low temperature. The low temperature spectrum is therefore dominated by the paramagnetic C term MCD signal that comes from MCD arising from the lowest sublevel in the ground state. By computing the total MCD, these calculations automatically include all three terms, and the C and A terms can be evaluated as the low and infinite temperature limit in our model. The Faraday ' and 6 parameters for C Term MCD intensity and total absorption are related to the absorptivities (A) and differential absorptivities (£A) above:
A = y2b.
and can be straightforwardly evaluated from the calculations. 
where the full width at half maximum (FFwHM) for the absorption band is taken to be o(X2 ln 2)1/2. Orientation averaging is achieved by numerical evaluation of the angular integral (Eq. 7) using a modified Simpson's Rule integration algorithm (Press et al., 1992) over the three Euler angles 0, X, and 4: AE = y 8 J2 J j AA(0, X, 4) sin0d0dXd4 )=o x=O 00= (7) Since the magnetic field direction defining the laboratory Z axis is fixed in space, a rotation matrix parameterized by Euler angles (Zare, 1988 ) is applied to the ligand position coordinates and the ligand field Hamiltonian is reevaluated in the new orientation before computing left-and rightpolarized intensities in each transition. While the eigenvalues are unchanged by the coordinate rotation, the eigenvectors are transformed leading to a unitarily equivalent redefinition of molecular wavefunctions in terms of the laboratory frame, so that the underlying basis is diagonal in XZee' described by angular momentum wavefunctions referred to the magnetic field direction.
Complementarity rule for CD and MCD Natural CD involves interference between electric and magnetic transition dipoles, associated with the transition operdipole moment operator) and polar vector (m). This product is a pseudoscalar, distinguished from a scalar by the change of sign it experiences on inversion. A pseudoscalar quantity is not required to cancel upon averaging over orientations, and this leads to a nonvanishing solution CD intensity. On the other hand, MCD is the product of two axial vectors, ,u and the vector product (m X m). This product is a simple scalar and will not survive full rotational averaging, requiring MCD to vanish. In practice, MCD does not vanish because even for solution spectra the intensity is only partly averaged, over the orientations of the components of the electric dipole moments, while the other component (,u (Scheme 6) . A transition between a pair of levels spanned by a component of orbital angular momentum will be allowed under magnetic dipole selection rules. This contribution to the transition, being relatively weak, will not significantly increase the electric dipole-dominated optical absorption intensity, but will result in a relatively large CD anisotropy (LAE/E). In contrast, the origin of MCD intensity lies in spin-orbit mixing (Piepho and Schatz, 1983; Gerstman and Brill, 1985) 
The spin-only splitting is described by the free electron g value, ge = 2.0023. Orbital contributions require an unquenched component of orbital momentum in the ground state associated with a nonvanishing orbital angular momentum matrix element. Deviations from the free electron g value (orbital g shifts) contain information on the nature of the ground state orbital wavefunction. Anisotropy of the Zeeman splitting within the ground doublet results from the spatial orientation of orbital wavefunctions and leads to an orientation dependence of the resonance magnetic field for an EPR transition. The resonance field Hres may be computed from the fixed microwave photon energy (0.3 cm -1 at X band) and the Zeeman splitting factor g: Hres = hv/g,3.
Neglecting angular dependence of the transition probability that is associated with g-anisotropy, powder spectra can be generated by solving the resonance condition at each point in the orientation averaging grid, convoluting with a lineshape function, and summing over orientations with the , sinO statistical normalization. Forward difference numerical differentiation of the resulting absorption envelope generates the conventional derivative EPR display.
Greater angular resolution is required in simulating EPR spectra than either absorption or MCD to produce a smooth derivative spectrum. (Stephens, 1965) , and the results of the model calculation are in full agreement. This predicts positively signed MCD will dominate the spectra of complexes in the cubic limit but neglects the contributions from 2T2g > 2T2u transitions that arise in X LMCT and are predicted to contribute negatively signed intensity in MCD (Stephens, 1965) . The latter transition cannot be reproduced in the d-p ligand field model, as discussed further below. For a d9 cupric ion in octahedral coordination, the hole equivalent scheme leads to a 2Eg 2Tlu description of crLMCT in this complex. Stephens (1976) has shown using group theory that MCD is allowed in both polarizations for this transition, leading to an A term MCD signature. For a cupric ion in a tetrahedral complex, the corresponding d -* p excitation gives rise to a2T2 -' 2T, transition, the parity labels (u,g) being dropped for the noncentrosymmetric complex. The sign of the MCD signal for the d -> p transition in the absence of spin orbit coupling is the same as for the 2T2g > 2Tiu transition for the d1°h complex.
For studies on metalloenzymes the geometric structures arising in five-coordination are of particular interest. These include limiting tetragonal, square pyramid, and trigonal bipyramid complexes, as well as lower symmetry structures that may be regarded as intermediates in a distortion between the two limits along the pseudorotation coordinate ( Fig. 1) (Berry, 1960; Muertterties and Guggenberger, 1974) .
Square pyramid
The square pyramidal (SP) limiting geometry is an idealization of many common five-coordinate cupric complexes. Four equatorial ligands dominate interactions, and a distortion that weakens the axial ligand interactions is typical. shown in Scheme 7, computed as the direct product of orbital and spin representations (Koster et al., 1963 (Piepho and Schatz, 1983; Gerstman and Brill, 1985) . The situation is somewhat more complicated for MCD in LMCT transitions, modeled in our ligand field calculation as d --p transitions (Fig. 2) . For the isolated nondegenerate d72 ground state in the trigonal bipyramidal geometry considered in this example, orbital momentum is quenched except for spin orbit mixing of dxz, dyz that is revealed by the g1 orbital g shift (Fig. 3) .
Calculation of the MCD in the d -> p spectra for the trigonal complex (Fig. 2) leads to a prediction of a symmetrical temperature-independent A term LMCT transition MCD signal when only the final state spin-orbit contributions are considered (Fig. 2, spectrum A) . The dZ2 orbital spans the alg representation of the octahedral (0h) point group, and the A term predicted by the ligand field calculation can be directly compared with the corresponding group theoretical prediction (Stephens, 1976) for the 2Aig > 2T,u transition in an octahedral complex. This comparison emphasizes the importance of the composition of the orbital wavefunctions in determining the characteristic pattern of MCD spectra. When initial state spin orbit coupling is also active, the intensity is skewed (Fig. 2, spectrum B) as a result of superposition of an MCD signal arising from initial state spin orbit effects alone (Fig. 2, spectrum C) . The latter feature represents the expression in MCD spectra of the orbital mixing that gives rise to the g1 orbital g shift in the EPR spectrum. No MCD intensity is induced in the absence of spin orbit coupling as illustrated (Fig. 2, spectrum D Oriented spectra Spectra for oriented samples, such as single crystals or membranes, are unaveraged and have a distinct appearance. In contrast to the orientationally averaged spectrum, which is a superposition of spectra arising from individuals representing all possible orientations, the oriented spectra arise from unique orientations and so can be used to determine orientations of ordered samples. A potential application to determination of orientations of chromophores in oriented lipid bilayers or on surfaces by comparison between oriented and averaged spectra is clearly a possibility. Each of the spectra in Fig. 4 are calculated for the second structure in the pseudorotation coordinate (Fig. 3) in a unique molecular orientation with respect to the applied magnetic field. The molecular z axis is represented by the axis of the globe (Fig. 4, upper right) and the direction of the magnetic field is indicated by the indexing of the globe. The rhombic symmetry of the structure, an intermediate geometry in the pseudorotation, results in distinct spectra for each distinct orientation relative to the field. However, parallel and antiparallel field directions yield identical spectra (e.g., 1 and 7), since the relation between H and k (and therefore Ex and Ey of the radiation field inducing the optical transition) is retained, and only the relative orientations of the molecular axes are changed. Reversing H relative to k by reversing the polarity of the applied magnetic field reverses the sign of the MCD signal (not shown). 400 600 800 1000 Wavelength (nmn) FIGURE 4 Oriented MCD spectra computed for a rhombic cupric complex. Globe (upper right) indicates the magnetic field orientations for each of the individual spectra (1-10). The orientationally averaged spectrum (avg) computed with an angular resolution of Wr/8 is shown at lower right.
Identical spectra also occur for molecular orientations related by symmetry. For example, the molecular twofold symmetry in this example results in the equivalence of spectra 2 and 6, as well as 3 and 5. Distinct spectra are observed for molecular orientations differing only in the value of the angle because the structure is rhombic and X and Y directions are distinct. For higher symmetry complexes (axial limiting geometries), identical spectra will result for any orientation with the same z projection of the magnetic field, reflected in azimuthal symmetry of the oriented spectra. A dramatic angular dependence of MCD intensities is illustrated in the figure, with spectra varying in magnitude along a longitude and exhibiting sign reversal over a quadrant.
Each of the spectra in Fig. 4 arising from a unique (or crystalline) orientation represents a single isolated contribution to a powder or solution spectrum, which is formed as a sum of oriented spectra from the complete statistical distribution of molecular orientations. The averaged absorption spectrum can be calculated in the absence of any preferred orientation by simply summing over linear polarizations, a consequence of the projection cosine rule for vector components. However, for MCD the average (Fig. 4, avg) involves cancellations of signed intensity over orientations,
and the resulting solution spectrum is the residual intensity that survives the averaging process.
Saturation of MCD
The polarizations induced in spectra arising from the Kramers doublet sublevels cancel at high temperatures, leaving the A term MCD signal that corresponds to the differential Zeeman-shifted spectra. At low temperatures and high magnetic field, when only the lowest sublevel of the electronic ground state is populated, the MCD intensity reaches its maximum value, reflecting magnetic saturation of the paramagnetic ground state. The progressive saturation of MCD signals has been shown to contain information on ground state g values that complements the information in EPR spectra and obtained from magnetochemistry (Schatz et al., 1978; Johnson and Thomson, 1980) . The ligand field model for MCD permits simulation of saturation magnetization spectra for cupric complexes as illustrated by the comparison of experimental and calculated spectra in Fig. 5 . The inverse geometric progression in the temperature leads to a progressive doubling of intensity to low temperature, as shown in the experimental data and reproduced in the simulation. Plotting the MCD intensity at a particular wavelength (530 nm) versus the saturation parameter (BHI2kT) generates the hyperbolic curve shown to the right of the figure on which is superimposed the experimental MCD saturation data for a synthetic complex, [Cu(PMDT)-(cresol)] (C104); (PMDT = pentamethyl diethylenetriamine) .
. Magnetic Field (G) Absorption and EPR spectra in butyronitrile:propionitrile glassing solvent at 100 K; MCD recorded for mulled sample at 4.2 K. Simulation parameters (a2, c4, al , a1 P, a a3 f,a5d_): O(-17700,-9600,90,20,40,16,0) (-1900 -75()0, 100, 45, 10, 4, O) ; N (ax) (-210()0, -8000, 140, 60, 10, 4, 0) ; N (eq) (-17000, -6500, 110, 42, 10, 4, 0) ; N' (eq) (18000,-70(), 90, 45, 10, 4, 0) ; O(eq) (-15000,-600,90 45, 10, 4, 0) ; kd =-400 cm-l.
torted trigonal geometries. The structures of the complexes have been determined crystallographically . As predicted by the model above, the square complex exhibits a pseudo-A term spectrum and the trigonal complex a more complex pattern of intensity that is consistent with cancellation of polarization for the middle pair of transitions and enhancement in the first and fourth transitions. The simulations provide a guide to insight into the information on electronic wavefunctions that is contained in spectra.
The calculations reproduce the essential features of the experimental spectra, in terms of the transition energies of the absorption spectra, the pattern of signs and intensities in the MCD spectra, and the g-shifts in the EPR spectra. The simultaneous simulation of all three spectra is performed with a single set of ligand field parameters and the crystallographically determined ligand coordinates. Deviations between the observed and calculated spectra for the inorganic complexes are not surprising, since the experimental absorption and EPR spectra are for solution samples at elevated temperature, while the computed spectra match the transition energies required by the low temperature MCD data, obtained for a mulled sample of known crystal structure.
The square [Cu(PMDT)(cresol)]+ complex, a model for tyrosine phenolate interactions with cupric sites in proteins shows the largest difference between transition energies in MCD and ABS spectra (Fig. 6) . The absorption bands are shifted approximately 2000 cm-to lower energy in solution, probably reflecting the relaxation of the nearly planar geometry of the crystalline complex as a consequence of solvent interactions. The experimental absorption spectrum (Fig. 6, top) is dominated by an intense phenolate-to-copper LMCT transition at 450 nm, with metal d -> d spectra occurring to lower energy. The ligand field transitions acquire circular polarization in a magnetic field, the lower energy band becoming predominantly right-hand circularly polarized (negatively signed MCD) and the higher energy band splitting into a pair of features nearly equal intensity but oppositely signed, a pseudo-A Term (Fig. 6, middle) . This spectrum strongly resembles the spectrum computed for the square pyramidal limit of the pseudorotation coordinate (Fig. 2) , emphasizing that MCD spectra reveal the effect of geometric factors on electronic wavefunctions in a complex. No MCD intensity is associated with the strong LMCT transition, which is understandable in terms of the orbitally nondegenerate character of the LMCT final state, approximately described as a phenoxyl radical associated with a full shell (d10) cuprous ion, accounting for the weak intensity in the LMCT band. Simulation of MCD spectra for this complex using the crystallographic ligand positions was less satisfactory than the others described below, in that an additional axial perturbation, not accountable for in terms of ligand positions, was required to achieve the level of agreement shown. This difficulty may reflect a limitation of the ligand field description, lattice interactions not taken into account in the ligand position data, or it might indicate that or LMCT is not the dominating intensity mechanism in this complex. The EPR spectrum of the complex (Fig. 6, bottom) reflects the axial structure in the gll > gI > 2 characteristic Biophysical Journal of a dx2_y2 orbital contribution. The calculated EPR spectrum closely reproduces the orbital g-shifts in the experimental spectrum, and the most distinctive difference between the experimental and simulated spectra are the absence of electron-nuclear hyperfine splittings from the copper nucleus in the simulation, since this interaction is not included in the calculation.
The discrepancy between experimental and simulated MCD spectrum calculated within the o-LMCT p-mixing model reveals a deficiency of the ligand field wavefunctions when ir LMCT is neglected. Since 7r LMCT is expected to contribute to MCD of opposite sign of af LMCT (2T2g > 2T1u (o) and 2T2g 2Tu (2ur) give rise to oppositely signed C Terms (Stephens, 1966; Piepho and Schatz, 1984) ), neglecting this contribution in the model leads to a skewing of the simulated MCD spectra to positive intensities. The offset of the MCD spectrum (Gerstman and Brill, 1985) , defined as the excess circular polarization for the sum over signed MCD intensities of the d -* d bands, results from rhombic mixing of dxz, dyz, and dxy orbital contributions into dx2_y2 and dz2 orbital ground states of the cupric ion.
The former components give rise to excess positive or negative MCD intensity depending on whether the intensity derives predominantly from o-or X LMCT (compare discussion of Fig. 1 ). Including wu LMCT contributions through expansion of the basis set with f-orbitals (which span the T2U representation in°h symmetry) allows the intensities to be accurately fit to experiment (Fig. 6, middle) .
The solution MCD spectrum for the [Cu(PMDT)(methylsulfinylcresol)]+ (not shown) matches the MCD of the mulled crystal sample (Fig. 7, middle) , suggesting that this complex undergoes less extensive structural change in solution, as might be expected for a coordinately saturated metal complex. The complex is typical of a trigonally coordinated copper with axial interactions dominating, reflected in the relatively short Cu-N(amine) and Cu-O(phenolate) bond distances . Electronic transitions lie at relatively low energy, a consequence of the relatively weak overall metal-ligand interactions characteristic of the trigonal ligand arrangement. Calculations based on a strong axial perturbation resulting from an axial compression of a trigonally distorted complex reproduce the transition energies in absorption. The pattern of MCD intensity for this complex resembles that calculated for the rhombic midpoint in the pseudorotation coordinate (Fig. 2) , once again reinforcing the strong connection between geometric and electronic factors in determining MCD spectra. The optical spectra is roughly reproduced in terms of the energy splittings, although the match in intensity is poor for wavefunctions that correctly give the observed pattern of MCD intensity. These examples illustrate how the patterns of MCD intensity reveal patterns in electronic wavefunctions. The distinctive ground state EPR spectrum recorded for this complex reflects the strong trigonal perturbation of the cupric ion, consistent with the eigenvector analysis in the calculation, which indicates a predominantly (0.92) dZ2 spectrum has previously been simulated by a spin Hamiltonian analysis providing estimates of the g values (g,x = 2.22, gyy = 2.10, g, = 2.01) that are closely reproduced in the ligand field model calculation (2.25, 2.11, 2.01) using the same spin orbit coupling constant that was effective in simulating the EPR g-shifts of the square complex. However, the ligand field wavefunctions that reproduce the experimental MCD spectrum (Fig. 6, middle) somewhat overestimate the largest orbital g-shift in the EPR simulation. This most likely reflects the deficiencies of the ligand field wavefunctions, but it is again worth noting that the MCD is recorded for a mulled crystalline sample, while the EPR data are obtained for a solution sample.
Spectra for the azide adduct of the copper metalloenzyme galactose oxidase are shown in Fig. 8 . The structure of the enzyme-active site is known at nearly atomic resolution from x-ray crystallographic studies (Ito et al., 1991) which show the copper coordinated by four protein sidechains and a single solvent (X = water or hydroxide) or exogenous ligand. Crystallographic studies indicate that the ligand environment is not dramatically changed on forming anion complexes with, e.g., acetate replacing water in the active site (X = acetate). Previous spectroscopic studies have shown that the active site of galactose oxidase is quite flexible and undergoes a reversible, temperature-dependent conformational change that can be described as a pseudorotation ; (Whittaker, 1994) . The pseudorotation coordinate of the enzyme-active site involves strengthening metal-exogenous ligand interactions with displacement of the unmodified tyrosinate (Tyr495). This conformational change, organized around a T-shaped framework of essentially rigid ligands (His496, His581, and Tyr272) appears to be important for defining a proton transfer coordinate that may serve to activate substrate in the catalytic mechanism . Low temperature spectra of the enzyme reflect this change in the copper environment, and anion binding appears to completely convert the enzyme to this limiting form, reflecting the displacement of the unmodified Tyr495 from the axial position in the complex as determined spectroscopically . The MCD spectrum of the azide complex (Fig. 7 , X = N3O) strongly supports a strong axial perturbation of the active site copper complex associated with the appearance of a pseudo-A term in the ligand field region (Ac560 = -15 M 1cm-1T-', Ac620 = +10 M-1cm-1T-l, Ac730 = -9 M-1cm 1T'1). The spectrum of this limiting form of the enzyme can be directly compared with the results of calculations on idealized squarepyramidal models and the tetragonal-axial synthetic complex. The ground state eigenvector computed in the ligand field calculation reflects the lower symmetry of the enzyme complex in the mixed orbital coefficients (0.88 dX2_y2, 0.1 dyz) consistent with significant rhombicity in the coordination environment. The transition that gives rise to the intense negatively signed MCD at higher energy has previously been assigned as Ir LMCT for the equatorially orbital contribution in the ground state wavefunction. The coordinated azide, the near-degeneracy (7r., wy) of the (-10800, 6500, 80, 33, 40, 40, 1); 0 (495) (-4000, -2300,80,30,40,40, 1) ; N (496) (-10800, -6500, 110,50, 40, 40, 1) ; N (581) (-10800, -6500, 80, 33, 40, 40, 1) ; N (azide) (-12400, -7600, 120, 55, 40, 40, 1) ; Ad -400 cm .
LMCT final state providing a mechanism for MCD. The sign of the MCD intensity is consistent with this assignment of X character in the allowed transition on the basis of the earlier discussion regarding the information in the sign of the MCD C term. A clearer picture emerges from the combined spectroscopic studies supported by the ligand field intensity calculation of a tetragonal axial ligand perturbation of the copper in the azide adduct, confirming earlier structural interpretations of this enzyme complex .
Outlook
The ligand field model appears to be an effective tool for developing insight into MCD spectra for biological cupric complexes, contributing to a clearer understanding of the electronic structural features of the metal center. This modeling approach gives insight into the nature of electronic wavefunctions for a cupric ion bound to a protein, an essential first step to understanding the structural origins of catalytic chemistry. Simultaneous fitting of absorption, MCD, and EPR spectra places much more severe constraints on the model than any single simulation or reproducing energy splittings alone, since each approach is sensitive to a different aspect of electronic structure.
Further extensions of the model to high spin complexes of Mn3+ (d4) and Fe2+ (d6) ions (respectively, one hole or one electron outside of a half-filled shell) can be expected to be fruitful. The present studies already provide insight into the unusual pattern of MCD intensity observed in the Mn3+ active site complex of Mn superoxide dismutase (Whittaker and Whittaker, 1991) , for which a trigonal bipyramidal geometry is indicated by x-ray crystallographic studies (Stallings et al., 1984; Ludwig et al., 1991) . The MCD spectrum is a pattern of alternating signs with the transitions at highest and lowest energies dominating the spectra. This corresponds to the pattern computed for the rhombic-trigonal intermediate geometry in the pseudorotation diagram (Fig. 2) and experimentally recorded for the [Cu(PMDT) (methyl sulfinylcresol)] model compound, but with reversed signs as expected for Mn3+ for which the spin orbit coupling constant AMn3 t , free ion + 90 cm opposite in sign to that for copper. MCD spectra previously reported for a square pyramidal [MnCl5]2-complex again show the same pattern of intensity as predicted and observed for square pyramidal Cu2+ but again reversed in sign as a consequence of the oppositely signed spin orbit terms. The latter example is of special interest in that the allowing LMCT are also observed in the experimental spectrum. The same pseudo-A term signature appears in both the allowed LMCT and the forbidden d --d spectra, supporting the analysis outlined above for the transfer of patterns of MCD intensity from allowed into forbidden spectra through mixing ligand field and charge transfer wavefunctions. Further insights are expected as the range of applications expands. By revealing essential features of electronic wavefunctions, MCD extends the spectroscopic information available from absorption and EPR measurements. The combination of all three approaches (ABS, MCD, and EPR) is required for insight into the nature of biological copper complexes at the electronic structural level of resolution that will establish a fundamental connection with chemistry.
